Using numerical modeling of the plasma sheath and key surface processes, the plasma-aided fabrication of InAs nanodots is investigated at early stage of the growth. Roles of different plasma process parameters, such as electron temperature, electron number density, and ion-to-electron density ratio, in achieving the stoichiometric growth of the nanodots are explored and conditions to achieve a highly stoichiometric InAs composition are discussed. It is shown that the nanodots get larger with increasing the electron temperature and electron number density, whereas they shrink in size with increasing the ion-to-electron density ratio. Moreover, it is shown that with increase in the electron temperature and electron number density stoichiometric saturation state can be reached shortly, which this enables the fabrication of highly stoichiometric array of nanodots within shorter processing time. The results obtained can open a path toward nucleation and growth of an array of nanodots with desired structural composition and size distribution.
high-speed electronics, 3 micro-, photo-and nanoelectronics 4, 5 due to its narrow band gap and high electron mobility as well as the ohmic contact of many metals with InAs. [6] [7] [8] [9] [10] Among them are mid-wave infrared and long-wave infrared detectors, light emitting diodes, lasers diode, heterojunction bipolar transistors, and high electron mobility transistors as well as biological sensor.
Although numerous techniques have been developed in order to fabricate well-ordered arrays of InAs, [11] [12] [13] [14] [15] [16] growing highly stoichiometric ([In]/[As] ¼ 1:1) nanodots (NDs) is still challenging. Studies show that the stability and optical properties of NDs strongly depend on surface structure and composition of the nanostructure. 17 In other words, a nonstoichiometric composition ([In]/[As] 6 ¼ 1:1), even if the deviation is very small, causes unwanted defects in the nanostructures and thus undesirably affects quality and performance of ND devices. Therefore, it is of importance to obtain a ratio of In to As 1:1 for the entire ND structure, from the inner core to the outmost layer.
The importance of obtaining a stoichiometric composition for arrays of NDs has led to many studies in recent years. 18, 19 Rider et.al 18 investigated the growth of SiC quantum dots (QDs) and found that two key factors play crucial role in determining time-dependent behavior of Si to C adatom ratio: (1) substrate surface temperature and (2) the ratio of Si to C atom/ion influx to the substrate. In another word, it is found that self-assembling of highly-stoichiometric SiC QDs is possible if only a specific combination of these two factors is selected. By comparing different neutral/ionized gas conditions, they also showed that the stoichiometric state can be reached within shorter time periods when plasma is used as the growth environment. 19 Plasma is a suitable environment for pretreatment and synthesis as well as postgrowth processing of nanomaterials of a broad range of the elements. Plasma-aided processes, due to the significant role of plasma in generation, control, transport and deposition of the building units, are quite efficient for the growth of NDs. [20] [21] [22] All the nanostructures grown on plasma-exposed substrate in fact are assembled in plasma sheath which is formed adjacent to the substrate and controls the dynamic of charge species 23 (ions and electrons) which are contributing in heating 24 and the growth of nanostructures. The plasma sheath characteristics, such as sheath thickness, strongly depends on the plasma process parameters at the boundary between sheath and the plasma bulk (sheath edge), such as electron temperature T e , electron number density n e0 , and number density ratio of the ions to electrons f. 23, 25 In this work, using self-consistent numerical solution of the plasma sheath and surface rate equations, we studied the effect of variations in these plasma process parameters on the plasma-induced substrate heating and growth of binary -V NDs (InAs NDs studied here). Required ionized gas conditions to obtain highly stoichiometric composition of the InAs NDs, at early stage of growth are presented and discussed. In fact, we will show how plasma effects can enable fast growth of stoichiometric InAs NDs at low temperatures.
The paper is structured as follows. In the Sec. II, the main assumption of the plasma sheath and numerical model of InAs NDs growth and main equations involved are presented. The result of numerical study of the effect of the sheath parameters on surface fluxes of In and As adsorbed ions and elemental composition and size distribution of InAs NDs are presented and discussed in Sec. III. Finally, the main findings of this work are summarized in Sec. IV.
II. MODEL AND BASIC EQUATIONS
Plasma sheath of a four-fluid plasma consisting of electrons and In þ , As þ , and Ar þ ions is considered. We assume that the plasma sheath along x and y direction is homogenous and thus variations of the physical properties are considered in the z direction perpendicular to the substrate (see Fig. 1(a) ). The governing equations 23, 26 are continuity
and momentum equations
dn e dz À m e en t ez ;
for j-type ions (j ¼ 1, 2, 3 represents In, As, and Ar ions, respectively) and electrons. In above equations, m ij is the mass, n ij is the number density, t ijx , t ijy , and t ijz are the x, y, and z components of the fluid velocities of j-type ion and /, where x pij (/ m j À1=2 ) is the plasma frequency of j-type ions. In this work, the ion temperature and total gas pressure are taken constant. Therefore, the ion/electron-neutral collision frequencies assumed constant and have been set to reasonably-evaluated values that properly represent ion/electron-neutral collision conditions in a typical low-pressure weakly ionized plasma environment currently utilized in plasma-aided synthesis of nanomaterials. 20 Furthermore, since the Ar ion plasma frequency x piAr is much larger than As and In ionization frequencies, IAs and IIn , (due to m Ar < m In/As ), IAs and IIn been assumed zero.
Electric potential is obtained from the one-dimensional Poisson equation
We assumed that at the sheath edge for an undisturbed plasma, the quasineutrality condition is satisfied, i.e.,
where f j ¼ n ij0 /n e0 is the number density ratio of j-type ions to electrons at z ¼ 0 (plasma-sheath boundary). The set of above equations is supplemented by the following boundary conditions at the sheath edge (z ¼ 0):
are the j-type ion-acoustic velocity and electron Debye length, respectively. The selected small potential difference at the sheath edge reflects the fact that there exists a very weak electric field at the plasma-sheath boundary due to existence of so-call (quasineutral) pre-sheath region across which the ions are accelerated up to the speeds typically larger than ion-acoustic velocity. 28 In order to solve the above set of equations, Eqs. (1)- (8), we first normalized the equations, 23, 26 then the set of normalized equations is solved using a fourth-order-RungKutta method. By solving the equations, the influxes of In and As ions (at substrate), P In ¼ n iIn t iInz and P As ¼ n iAs t iAsz as well as the energy and flux of bombarding Ar ions are obtained and then used as input parameters in the models of plasma-enabled heating and ND growth.
Increase in the substrate temperature due to Ar ion bombardment dT BP in plasma is obtained from the following equation:
where d s , v s , and e Arþ are substrate diameter, Si thermal conductivity and energy of Ar ions, respectively. A very simple schematic of the energy release is sketched in Fig. 1(b) . Equation (9) describes the energy released to the substrate surface (exposed to the plasma) and consequently the temperature rise at the Si top surface respect to the substratesubstrate holder interface. In this work, as we study ND growth in low temperature range (unique to plasma-aided fabrication of ND arrays) 20 and the default parameters are set for low pressure case, we take into account only the role of the ion bombardment in energy exchange between the ionized gas and substrate. There are definitely energy loss processes, such as thermal radiation and convection, which are effective in the processes where the substrate temperature and gas pressure are relatively high (e. g., chemical vapor deposition). 29 Using T s ¼ T H þ dT BP , we can obtain real substrate temperature, T s , when the substrate holder is heated externally to T H .
The model of ND growth is based on a set of rate equations which describes the time evolution of surface density of ND (with different numbers of building blocks) and stoichiometric factor as well as distribution of ND sizes under various ionized gas conditions. 30, 31 In this case, as it can be seen in Fig. 1(c) , a large number of key surface processes contributing to ND growth, such as As/In surface diffusion, attachment and detachment (into the ND structure) as well as evaporation (from the substrate surface), are taken into account. Here, we assume that the substrate surface is a flat and smooth surface area and the atoms can freely diffuse on it as they gain enough thermal energy. The moving atoms reach to each other and form initial nucleation sites to which the next coming atoms attach (or detach as time advances). The rate equations for In and As ions are
n As:i g i l As:i À g As X 1 i¼2 r i g i t d:As
where g i is the surface density of the NDs; n In.i and n As.i are numbers of In and As atoms at the borders of the NDs consisting i-atoms; l In.i and l As.i are the frequency of In and As atom re-evaporation from the borders of (i)-atom NDs; r i is the diameter of (ML) NDs. Here, w e InðAsÞ ¼ n k 0 expðÀe a:InðAsÞ =KTÞ, and t d:InðAsÞ ¼ k 0 expðÀe d:InðAsÞ =KTÞ are flux of In/As evaporation (from the substrate surface) and linear surface velocity of In/As ions, respectively. As reflected in the evaporation rate expression, the evaporation of In and As atoms, which have been chemisorbed on the surface, is a thermally activated process which takes place when As/In atom acquire enough thermal energy (to break the bond between them and substrate neighboring atoms).
The rate equations for i-atom NDs is
ðl In:ðiþ1Þ þ l As:ðiþ1Þ ÞÀ g i n i ðl In:i þ l As:i Þ: (12) Using Eq. (12), the ratio of net fluxes of In and As ions to the ND boundary, the stoichiometric factor, is defined as
where N is the maximum number of atoms forming a ND. It must be mentioned that as we are study the early stage of ND growth, i. e., the nucleation stage, which takes place in short time periods (in order of a fraction of second) and dictates the evolution of ND structure at the later stage, the maximum number of atoms N has to be small enough (e. g., N ¼ 120 as considered here). Correspondingly, studying nucleation phenomenon for very small-size NDs in long time periods is not physically reasonable. A list of parameters used in this work is presented in Table I . In this model, the ion energies and fluxes are highly dependent on the characteristics of the plasma sheath (i.e., the sheath thickness), which is in turn influenced by the plasma parameters at the sheath edge (electron temperature, T e , electron density, n e0 , and ion-to-electron number density ratio, f). The plasma process parameters and thus the substrate temperature were varied in our numerical calculations to observe effects of change of the sheath characteristics on the structure and composition of InAs NDs.
III. RESULTS AND DISCUSSION
In this section, the results of solutions of the sheath and the ND growth equations from Sec. II are presented and discussed. Using these solutions, the dependencies of 
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Simulation parameters Surface coverage, g 0-0.5 monolayers (ML) Maximum number of atoms in nanodots, N 120 Substrate holder temperature, T H 500 K Time of deposition, t 0-20 ms stoichiometric factor (k st ) and surface coverage (g i ) of InAs NDs on plasma parameters (i.e., electron temperature (T e ), electron density, n e0 , and number density ratio of ions to electrons, f) are described with an emphasis on the effects of the parameters on the substrate temperature. Figure 2 (a) displays the stoichiometric factor, k st , as a function of time for different electron temperatures. It is clearly seen that, at low electron temperatures (here T e ¼ 1 eV), k st can only reach to an unsaturated value of 0.8 (at the end of the process), whereas it saturates at nearstoichiometric level of 0.97 after process time of 10 ms for a moderate electron temperature of 1.8 eV. With further increase in the temperature, the stoichiometric saturation time decreases. This can be explained by considering the effect of electron temperature change on the sheath characteristics and the surface temperature. When the electron temperature T e is increased more intense fluxes of As and In ions are generated (due to more effective ionization processes) and then flow towards the substrate. Besides, the plasma sheath thickness increases with increasing the electron temperature which gives rise to ions species gaining more kinetic energy when they travel through the sheath width. Consequently, much larger amount of energy is released to the substrate surface due to effective bombardments by more energetic ions, which in turn gives rise to an increase in surface temperature (with respect to the substrate holder). The numerical solution suggests a surface temperature increase in above 50 K (from 536 to 588 K) due to an increase in electron temperature from 1 to 1.8 eV. As a result of surface temperature increase and more intense fluxes of In and As ions (to the substrate surface), the process of ND formation is accelerated, thus stoichiometric state is reached within shorter time periods. However, as Fig. 2(a) suggests, care must be taken when increasing the electron temperature since any extra increase in T e may lead to uncontrolled building units supply (of ND growth) and eventually formation of non-stoichiometric NDs. Figure 2(b) illustrates the dependence of surface density of i-atomic NDs on the number of atoms with the same parameters as in Fig. 2(a) . For all electron temperatures, g i starts from a high amount and after a quick drop, rise again and reaches its maximum value, then decreases and eventually becomes zero. The decrease in the density and becoming nearly zero at large atom numbers reflects the fact that nucleation of extremely large NDs is very unlikely to happen within very short time periods (studied here) and such large size ND can only form by attachment of more atoms into structure of as-nucleated small NDs. For T e ¼ 1 eV, the highest surface density of NDs is obtained at i ¼ 35 atoms. As a comparison, for T e ¼ 2.2 eV, maximum value of g i is occurred at i ¼ 60 atoms. Thus, the increase in electron temperature causes the InAs NDs density to shift to higher number of atoms and bigger NDs with lower densities are obtained. Such an effect is possibly attributed not only to higher influx from the plasma environment at higher electrons temperature. As mentioned above, with increasing the electron temperature, the plasma sheath thickness increases and as a result the Ar ions gain more kinetic energy while they travel across the sheath. Hence, more effective collisions of the ions at the substrate give rise to (release of higher amounts of energy at the substrate surface and therefore) a remarkable increase in substrate temperature and growth of larger NDs. This is consistent with the experimental reports of increase in the ND size with increasing the temperature. [32] [33] [34] [35] [36] [37] [38] Let us now examine the dependence of balance factor k st on time at different number ratios of Ar ions to electrons at plasma sheath edge, f (Fig. 3(a) ). It can be clearly observed from Fig. 3(a) that by increasing f, the saturation level of stoichiometric factor climbs up, but no major changes can be identified in the time to reach the saturation level. This can be clarified via recalling the quasineutrality equation (Eq. (8)) binding directly number densities of Ar, In, and As ions at plasma sheath edge (z ¼ 0). As can be understood from Eq. (8), there is an inverse relationship between n Ar þ 0 and n In þ 0 þ n As þ 0 . Hence, with an increase in Ar ion number density at plasma sheath edge, the total influx which contributes to growth process of InAs NDs decreases dramatically. For f ¼ 0.65, substrate temperature and total influx are T s ¼ 569 K and P þ ¼ 13.3 ML s
À1
, respectively. As f increases to 0.85, these values become 586 K and 5.7 ML s À1 , respectively. Therefore, although the substrate temperature rises with increasing the Ar ion number density, it is accompanied with a decrease in the total building units influx on which the growth outcome and elemental composition of InAs NDs critically depend. 18 Dependence of surface density of i-atomic NDs on number of atoms with the same parameters as Fig. 3(a) is plotted in Fig. 3(b) . The peaks of the NDs surface Fig. 2(b) , here, the increase in Ar ion density causes the peak of InAs NDs density to move towards lower number of atoms. As mentioned above, this is because the total flux of generated ions decreases with increasing the ion-to-electron density ratio f.
Nucleation and growth of NDs strongly depend on temperature and the surface densities of building blocks which both are tightly dependent on the fluxes and energies of species from the plasma sheath. Figure 4 (a) displays the timedependence behavior of k st at different values of electron density at the sheath edge. The general tendency is that as electron density increases, the saturation level of k st is reached in shorter time. Therefore, higher electron densities at the sheath edge cause faster stoichiometrization of InAs NDs. At higher electron densities, the sheath thickness becomes smaller. Accordingly, one may expect that there should be an opposite trend as shown in Fig. 1(a) where the sheath thickness becomes wider with increasing the electron temperature. But as electron density increases, a very strong electric field is generated due to a sharp decrease in the sheath thickness. Thus, the substrate surface is actually exposed to larger influxes of much more energetic ions and the plasma-assisted heating of the substrate surface is further enhanced. Our calculations shows that the surface temperature corresponded to n e0 ¼ 1.5Â10 10 cm À3 is 526 K while for n e0 ¼ 6Â10 10 cm
À3
which results in k st ¼ 1, surface temperature reaches to 605 K. Therefore, electron density has a significant effect on substrate temperature and time period to reach stoichiometric state can be adjusted by simply changing the electron density at the sheath edge (plasma density). Similar tendency as Fig. 2(b) is seen for g i with different values of n e0 (Fig. 4(b) ). Thus, as interpreted above, increase in electrons density at z ¼ 0 results in formation of larger NDs. The trends obtained numerically in Figs who reported increase in average size of NDs with plasma parameters and substrate temperature. Now, we consider dependence of stoichiometric factor of absorbed ions on electron temperature at different times of ND growth process with the number density ratio of Ar ions to electrons (f) as the parameter (Fig. 5) . The first observation is that, over short time periods (Fig. (5) ), in the low electron temperature range (T e < 1.6 eV), the influx of As ions is always larger than that of In ions (i.e., k st is lower than 1) and increase in f does not raise level of the balance factor. In other words, when the electron temperature is low, for short time periods the stoichiometric state ([In]/[As] ¼ 1:1) is never obtained by varying (increasing) the Ar ion density (at plasma sheath edge). However, by increasing the electron temperature, the stoichiometric state is achieved still at high Ar ion densities. Therefore to achieve a stoichiometric state during short processing time periods, it is necessary that electron temperature is higher than a threshold value and Ar ion density is kept high enough. However, as can be clearly observed in Figs. 5(b) and 5(c), for longer processing time periods, even at low electron temperature, the stoichiometric state can be reached by increasing the Ar ion density (increasing f). In fact, as Fig. 5 suggests, the stoichiometric state of InAs NDs growth can be obtained by simply adjusting f and T e , and growth time parameter at some specific values. For example, for process time periods of t ¼ 2 ms and 7 ms, k st ¼ 1 is obtained for f ¼ 0.9, T e ¼ 2.19 eV and f ¼ 0.9, T e ¼ 1.9 eV, respectively, whereas for t ¼ 12 ms this state is occurred in two cases: (i) f ¼ 0.8, T e ¼ 2.0 eV and (ii) f ¼ 0.9, T e ¼ 1.75 eV.
To further clarify the effect of electron density on the process, we have plotted dependence of k st on electron temperature at different times of ND growth process with electron density at z ¼ 0 as the parameter in Fig. 6 . It is clearly seen that except for the range of higher electron temperatures and densities, k st is a linear function of the electron temperature and the slope increases with the process time period. Despite f (Fig. 5) , here in the low electron temperature range, increase in n e0 remarkably enhances stoichiometric factor of In and As absorbed ions. However, in the range of T e < 1.6 eV, influx of As ions to the substrate is larger than that of In and a highly nonstoichiometric (Arsenic-rich) state is occurred. The unbalanced state is also observed for higher electron temperatures and densities but here influx of In ions is larger than that of As (indium-rich state). As Fig. 6 suggests, one way to mediate these unbalanced influxes of In and As adsorbed ions at the early stage of the growth of InAs NDs is to temporarily increase electron density for Arsenic-rich state and to decrease electron temperature for Indium-rich state. In brief, similar to Fig. 5 , in Fig. 6 also a simultaneous optimization can be used in order to make the stoichiometrization process more quickly.
Finally, Fig. 7 illustrates dependence of stoichiometric factor of InAs NDs on n e0 for different process time periods with the number density of Ar ions as the parameter. The general trend is the same as Fig. 5 . For the process time period of t ¼ 2 ms (Fig. 7(a) ), the three curves are overlapped at a low level and by increasing in f no major changes can be identified up to n e0 ¼ 7 Â 10 10 cm
. In this range, the maximum value of k st equals to 0.65 which is obtained for n e0 ¼ 7 Â 10 10 cm À3 and f ¼ 0.9. Figure 7 (a) documents that over the short time periods (considered here) in the near-low electron temperature range (T e < 1.7 eV), it is not possible to grow stoichiometric NDs even by simultaneous increasing of both n e0 and f. This unwanted state improves unambiguously for the subsequent process time periods and is only observed for smaller values of n e0 . However, one can see from Figs. 7(b) and 7(c) that stoichiometric state occurs for different sets of values considered for the parameters of n e0 and f. As a result, to achieve and maintain a stoichiometrical composition of InAs NDs, optimal values of n e0 and f should be selected and the optimal values vary for different process time periods.
IV. CONCLUSION
In this work, we investigated growth process of InAs NDs on Si(100) surface in a plasma environment at early stage of growth. Our objectives were to study effects of the background gas parameters on influx of absorbed In and As ions as well as on substrate surface heating for the purpose of achieving a stoichiometric state for InAs NDs at the earliest possible time when the structure is at its smallest. Numerical simulation results are summarized as follows:
• the surface processes (i.e., building block attachment/ detachment to/from the NDs, evaporation, etc.) are effectively tuned by variation of plasma sheath parameters. Therefore, the entire ND growth process, nucleation, and growth of NDs, distribution of ND sizes built as well as elemental composition of NDs can be effectively controlled by simply adjusting the plasma process parameters, namely, electron temperature, plasma density (electron density at the sheath edge), and the number density ratio of argon ions to electrons. Besides, more importantly, understanding effect of the plasma sheath dynamics on substrate surface temperature and the net surface flux of In and As ions to InAs NDs can promisingly provide a way to obtain highly-stoichiometric NDs at initial stage of their self-assembly; • in particular, increasing the electron temperature and electron density at the sheath edge due to the direct effect on surface temperature results in faster stoichiometrization of InAs NDs. However, to avoid non-stoichiometric NDs, these parameters should be increased to a certain threshold; • by rising the number density ratio of Ar þ to electron at the sheath edge, the substrate temperature increases and simultaneously the total influx of ions decreases. These effects raise the saturation level of k st but no major changes can be identified in the time to reach the saturation level;
• with the increase in electron temperature and electron density at the sheath edge, the maximum value of NDs surface density is obtained for higher number of atoms. This means that bigger NDs are grown. Whereas for the parameter of (n Ar þ /n e ) z ¼ 0 , the reverse situation is observed;
• one promising way to mediate unbalanced influxes of In and As adsorbed ions in the growth of InAs NDs is to temporarily increase electron density and to decrease electron temperature for Arsenic-rich and Indium-rich states, respectively; • slope of stoichiometric factor plot versus T e becomes steeper by increasing n e0 and stoichiometric factor of absorbed ions shifts to higher values; and • by choosing specific combination of plasma parameters growth of highly stoichiometric NDs is possible within shortest possible time periods.
The results presented here can open a path toward dynamical control of nanoassembly processes, and thus, nucleation and growth of an array of NDs with desired structural composition and size distributions. In this work, we neglected the effect of externally applied magnetic field or presence of nanosize dust grains (i.e., dusty plasma) on stoichiometric growth of InAs NDs and are left for future works.
